We isolated a strain of Corynebacterineae from surface seawater from the Inland Sea of Japan. This strain, AIST-1, was determined to be a strain of Gordonia terrae based on its 16S rRNA gene sequence. The colony was red-colored, and the pigments were identified to be carotenoid derivatives. The structures of two major carotenoids were (2 0 S)-deoxymyxol 1 0 -glucoside, a dihydroxyl derivative of -carotene with 12 conjugated double bonds, and (2 0 S)-4-ketodeoxymyxol 1 0 -glucoside. Their glucosyl acyl esters and mycoloyl esters were also identified. While these carotenoid moieties have been found in only a few other bacteria, the carotenoid mycoloyl esters are novel carotenoid derivatives. The type strain of G. terrae NBRC 10016 T also contained the same carotenoids, but the composition of the two carotenoid glucosides was low and the total carotenoid content was less than one tenth of that of strain AIST-1.
We isolated a strain of Corynebacterineae from surface seawater from the Inland Sea of Japan. This strain, AIST-1, was determined to be a strain of Gordonia terrae based on its 16S rRNA gene sequence. The colony was red-colored, and the pigments were identified to be carotenoid derivatives. The structures of two major carotenoids were (2 0 S)-deoxymyxol 1 0 -glucoside, a dihydroxyl derivative of -carotene with 12 conjugated double bonds, and (2 0 S)-4-ketodeoxymyxol 1 0 -glucoside. Their glucosyl acyl esters and mycoloyl esters were also identified. While these carotenoid moieties have been found in only a few other bacteria, the carotenoid mycoloyl esters are novel carotenoid derivatives. The type strain of G. terrae NBRC 10016 T also contained the same carotenoids, but the composition of the two carotenoid glucosides was low and the total carotenoid content was less than one tenth of that of strain AIST-1.
Key words: carotenoid; carotenoid glucoside; carotenoid glucosyl mycoloyl ester; deoxymyxol; Gordonia Gordona terrae strain 3612 was isolated from soil by Tsukamura; it produces rough, pink to orange colonies on glucose yeast extract agar. 1) This strain was later assigned to the genus Rhodococcus as Rhodococcus terrae following a numerical taxonomic classification study.
2) Four species of Rhodococcus containing relatively long-chain mycolic acid and menaquinone-9(H2) were re-classified as Gordona by 16S rRNA gene sequences, 3) and the strain was named Gordona terrae ATCC 25594
T (= NBRC 10016 T , = JCM 3206 T ); the genus name was finally changed to Gordonia. 4) The type species of the genus Gordonia is Gordonia bronchialis.
Approximately 25 species of Gordonia have been described to date. 5) Although the members of the genus Gordonia were originally considered to be opportunistic pathogens in humans, many Gordonia species have recently been found to have the ability to biodegrade pollutants. 6) The color of the colonies of some species is yellow, orange, or red, while that of others is white, but only one species, Gordonia jacobaea, has been determined to contain carotenoids, including canthaxanthin as the major carotenoid and -carotene and astaxanthin as the minor ones. 7) In two species, Gordonia polyisoprenivorans 8) and Gordonia sp. TM414, 9) phytoene desaturase (CrtI), desaturating from phytoene to lycopene, was functionally identified. In other Gordonia species, including the type species of G. bronchialis, the pigments have not yet been identified.
While the colors of some species of Corynebacterineae are known to be yellow, orange, and red, there has been little systematic reporting of the pigments.
10)
The genus Rhodococcus is related to the genus Gordonia, as described above. Rhodococcus rhodochrous RNMS1 forms light-orange colonies. We have identified all of its carotenoids, including 1 0 -hydroxy--carotene and its 4-keto form, their glucosides, their glucosyl acyl esters, and their glucosyl mycoloyl esters. 11, 12) This was the first species found to have carotenoid glucosyl mycoloyl esters. 10) Lowering the y To whom correspondence should be addressed. Fax: +81-44-733-3584; E-mail: takaichi@nms.ac.jp
00 -mycoloyl esters culture temperature increased the total carotenoid content and the proportion of ketocarotenoid glucosyl acyl esters. 13) We have also studied the carotenogenesis pathway using carotenogenesis mutants and inhibitors. 14) In the present study, we isolated a new strain of Gordonia terrae from surface seawater from the Inland Sea of Japan, and we identified the pigments as carotenoid derivatives based on their characteristics on silica gel and C 18 chromatography and spectroscopic analyses. The major carotenoids were deoxymyxol and ketodeoxymyxol glucosides (DM-G and KDM-G respectively); their glucosyl acyl esters and glucosyl mycoloyl esters were also identified. The present report is only the second of carotenoid glucosyl mycoloyl esters in organisms.
Materials and Methods
Strain isolation and cultivation. Surface seawater was collected from Hikidaoki, Harimanada, the Inland Sea of Japan. Sterilized pine pollen (1 g/l), which is usually added to isolate Labyrinthulomycetes, was added to each sample and left for about 76 h. The seawater was spread on agar plates containing 6% glucose, 0.1% yeast extracts, and 0.4% potassium dihydrogenophosphate in seawater adjusted to pH 6.0, and a red colony was isolated. This strain was named AIST-1. Later we found that this strain was not Labyrinthulomycetes but a bacterium.
The isolated marine bacterium was cultured for 15 d in medium containing 3% glucose, 0.1% polypeptone, and 0.1% yeast extract in seawater adjusted to pH 6.0 at 23 C on a rotary shaker at 150 rpm under fluorescence lamps. The cells grown were collected by centrifugation and lyophilized. Authentic type strain Gordonia terrae NBRC 10016
T (= JCM 3206 T , = ATCC 25594 T ) was used as a control.
16S rRNA gene sequence determination and analysis. Genomic DNA was extracted from the cells by the PrepMan Method (Applied Biosystems, Foster, CA). PCR-mediated amplification of the 16S rRNA gene was carried out using universal primers 27F and 1492R. The PCR products were purified and sequenced using a MicroSeqFull 16S rDNA Bacterial Sequencing Kit (Applied Biosystems) with ABI PRISM 3100 DNA Sequencer (Applied Biosystems).
The determined 16S rDNA sequence of the isolate was compared with other sequences in an APOLLON DB Database of the bacterial type strains (TechnoSuruga, Shizuoka, Japan), and in the International Nucleotide Sequence Databases (GenBank/DDBJ/EMBL) using the BLAST system. 15) Sequences were aligned using the CLUSTAL W sequence alignment tool. 16) A phylogenetic tree was constructed based on the 16S rDNA sequences using the neighbor-joining method 17) and MEGA ver. 3.0 software.
18) The reliability of cluster formation was assessed by bootstrap analysis 19) based on 1,000 re-samplings of the data.
Extraction and purification of carotenoids. We extracted carotenoids from the lyophilized cells (about 10 g) of the isolate with a mixture of acetone and methanol (7:2, v/v) using an ultra sonicator several times, and collected them by centrifugation. The solvents were then removed by evaporation. The extracted carotenoids were applied to a column (22 mm Â 300 mm) of silica gel 60. A minor yellow band was eluted with hexane/chloroform (3:2, v/v), a first red band with chloroform, a second red band with chloroform/methanol (98:2, v/v), and a major red band with chloroform/ methanol (9:1, v/v). This separation step was repeated one time. Finally, each carotenoid was purified by the subsequent HPLC method. All processes were carried out under dimlight.
HPLC equipped with a mBondapak C 18 column (8 Â 100 mm, RCM type; Waters, Milford, MA) was used.
12) Methanol was the eluent for 6 min, followed by a linear gradient of chloroform to 25%, and, at 28.5 min, with an isocratic chloroform/methanol mixture (1:3, v/v) at a constant flow rate of 2.0 ml/min. Under this condition, -carotene was eluted at about 13 min.
Spectroscopic analysis of carotenoids. Absorption spectra were measured with an MCPD-3600 photodiode array detector (Otsuka Electronics, Osaka, Japan) attached to the HPLC system described above. The molar absorption coefficient of carotenoids in the eluent of HPLC was assumed to be 140 mM À1 cm À1 at the maximum wavelength. The CD spectra of the carotenoids in diethyl ether were measured at room temperature with a J-500 spectropolarimeter (JASCO, Hachioji, Japan). The intensity of CD (Á") was calculated from the above coefficient. The relative molecular masses were measured by FD-MS using an M-2500 double-focusing gas chromatograph-mass spectrometer equipped with field-desorption apparatus (Hitachi, Tokyo, Japan). High-resolution FAB mass spectra were measured with a JMS-HX/HX 110A mass spectrometer (JEOL, Akishima, Japan) with m-nitrobenzyl alcohol as the matrix.
1 H NMR spectra in CDCl 3 and in CDCl 3 / CD 3 OD (1:1, v/v) at 24 C were measured by the UNITY INOVA-500 system (Varian, Palo Alto, CA).
Results

Identification of the isolated marine bacterium
The near-complete 16S rRNA gene sequence (1518 bp) of the isolated marine bacterium was determined. Based on BLAST searches against the 16S rDNA sequences in the DNA databases, the 16S rDNA sequence of strain AIST-1 showed high similarity to members of the genus Gordonia, especially to G. terrae, 3) to which it showed 99.9% similarity. A phylogenetic tree based on the 16S rDNA sequences for AIST-1 and its relative species was constructed by the neighbor-joining method. The 16S rDNA of AIST-1 formed a cluster with that of G. terrae (Fig. 1) . Based on phylogenetic analysis, we concluded that strain AIST-1 belonged to G. terrae. Hence this strain was designated Gordonia terrae AIST-1, and was deposited at FERM as P-19516. The accession number for the AIST-1 16S rRNA gene sequence is AB355992. Figure 2 shows an elution profile of HPLC for the carotenoids extracted from G. terrae AIST-1, with some carotenoid peaks.
Identification of carotenoid glucosides
The minor yellow band eluted with hexane/chloroform (3:2, v/v) from the silica gel column corresponded to peak 3 in Fig. 2 . Its absorption spectrum in methanol was broad, and it had the same absorption spectrum as 4-keto--carotene from the Rhodococcus rhodochrous RNMS1 mutant, 14) which was different from that of echinenone. Its relative molecular mass was 550, and its retention time on C 18 HPLC corresponded to that of 4-keto--carotene. Hence we identified it as 4-keto--carotene, , -caroten-4-one (see Fig. 4 ).
The major red band finally eluted with chloroform/ methanol (9:1, v/v) from the silica gel column corresponded to peaks 1 and 2 in Fig. 2 . The absorption maxima of the peak 2 carotenoid in methanol were 294, 363, 449, 472, 501 nm (Fig. 3, broken line) , and the spectral fine structure of %III/II was 40; this is the ratio of the peak height of the longest and the middle wavelength absorption bands from the trough between the two peaks. 20 ) Peak 1 had a broad absorption maximum at 478 nm in methanol and others at 292, 318, 500 nm (Fig. 3, solid line) . These results indicate that the carotenoid moiety of the peak 2 component was a derivative of -carotene, which had 12 conjugated double bonds, and that that of peak 1 had one additional conjugated 4-keto group. 20) The relative molecular masses of the peak 2 and 1 carotenoids were 730 and 744 respectively. On high-resolution FAB mass analy-
Gordonia alkanivorans HKI 0136 T (Y18054)
Gordonia westfalica Kb2 T (AJ312907)
Gordonia rubripertincta DSM 43197 T (X80632)
Gordonia namibiensis NAM-BN063A T (AF380930)
Gordonia desulfuricans 213E T (AF101416)
Gordonia paraffinivorans HD321 T (AF432348) Since the relative molecular masses of the silylated peak 2 and 1 carotenoids were 1,090 and 1,104 respectively, the presence of five hydroxyl groups in both was indicated. 21) Due to the low solubility of the peak 1 and 2 carotenoids in CDCl 3 , their 1 H NMR spectra were measured in CDCl 3 /CD 3 OD (1:1, v/v); those of the acetylated forms were measured in CDCl 3 (Table 1) . 1 H NMR spectra of the left half (Table 1 , unprimed numbers) of the acetylated peak 1 and 2 carotenoid moieties (Ac-KDM-G and Ac-DM-G in Table 1) in CDCl 3 were compatible with those of canthaxanthin and -carotene respectively. The spectra of the right half (Table 1 , primed numbers) of both carotenoid moieties (KDM-G and DM-G) in CDCl 3 /CD 3 OD were compatible with that of salinixanthin (KDM-G-FA) from Salinibacter ruber.
AIST-1 (AB355992)
22) The spectra of both glycoside moieties in CDCl 3 /CD 3 OD were compatible with that of dihydroxylycopene diglucoside from Halorhodospira;
23) -D-glucopyranoside bonded to the C-1 0 hydroxyl group of the carotenoid moiety. The CD spectra in diethyl ether showed nm (Á") 225 (À2:7), 244 (+ 3), 269 (À5), 313 (+ 5) for the acetylated peak 1 carotenoid (about 30 mM), and 219 (À2), 238 (+ 4), 264 (À2), 298 (À3), 318 (+ 3.5), 356 (+ 7) for the acetylated peak 2 one (about 30 mM). The longer wavelength shift of CD in the peak 1 carotenoid was due to presence of the conjugated keto group. 24) Since these CD spectra were also compatible with that of salinixanthin, 22) the stereochemistry of the C-2 0 hydroxyl group of carotenoid moiety was (2 0 S).
Based on these data, the carotenoids in peaks 1 and 2 were identified as (2
0 -ol respectively (Fig. 4) .
Identification of carotenoid glucosyl acyl and mycoloyl esters
The first red band eluted with chloroform from the silica gel column corresponded to peaks 6 and 7 in Fig. 2 . Since they were strongly adsorbed on the silica gel column and also very strongly adsorbed on C 18 HPLC (Fig. 2) , the components were assumed to be carotenoid glycosyl mycoloyl esters, which have previously been reported only from R. rhodochrous.
12)
Hence the second red band eluted with chloroform/ methanol (98:2, v/v) from the silica gel column corresponded peaks 4 and 5 in Fig. 2 . Peaks 4 were, in fact, two shoulders of peak 3. Since they were also strongly adsorbed on the silica gel column and relatively strongly adsorbed on C 18 HPLC (Fig. 2) , they were assumed to be carotenoid glycosyl acyl esters.
The absorption spectra of the peak 6 and 7 carotenoids were compatible with those of KDM-G (peak 1) and DM-G (peak 2) respectively. The three main relative molecular masses of the carotenoids in peak 7 were 1,536, 1,564 and 1,592. Accordingly, the major esterified mycolic acid moieties were compatible with C56:4, C58:4, and C60:4 respectively. The 1 H NMR spectrum of the peak 7 carotenoids in CDCl 3 indicated that the carotenoid moiety was compatible with DM-G. A doublet signal at 4.58 ppm (J ¼ 8 Hz) indicated the presence of -D-glucoside, and broad doublet signals at 4.29 and 4.51 ppm, which shifted to the lower field region, as compared with the signals of C-6 00 of carotenoid glucoside, 11) indicated that the esterified hydroxyl group was C-6 00 of glucoside. The presence of mycolic acid was indicated by signals at 0.88 ppm (triplet), 2.44, 3.67, and 1.39 ppm (multiplet), and at 1.25 ppm.
12) The stereochemistry of the carotenoid moieties might be the same as those of KDM and DM, (2 0 S). Based on these data, the carotenoids in peaks 6 and 7 were novel carotenoid derivatives. They identified as (2 0 S)-4-ketodeoxymyxol 1 0 -glucosyl 6 00 -mycoloyl esters (KDM-G-Myc) and (2 0 S)-deoxymyxol 1 0 -glucosyl 6 00 -mycoloyl esters (DM-G-Myc) respectively (Fig. 4) . The IUPAC-IUB semisystematic names are (2
0 -ol respectively. The absorption spectra of the peak 4 and 5 carotenoids were compatible with those of KDM-G (peak 1) and DM-G (peak 2) respectively. The two main relative molecular masses of the carotenoids in peak 4 were 982 and 1,008, and those in peak 5 were 968 and 996. Accordingly, the major esterified fatty acid moieties were compatible with C16:0 and C18:0 respectively. Since fatty acid in all of the identified carotenoid glucosyl acyl esters is attached to C-6 00 of glucose, 10) and mycolic acid was also attached to the same position in KDM-G-Myc, fatty acid might also be attached to the same position in DM-G-FA and KDM-G-FA. Based on these data, the carotenoids in peaks 4 and 5 might be (2 0 S)-4-ketodeoxymyxol 1 0 -glucosyl 6 00 -acyl esters (KDM-G-FA) and (2 0 S)-deoxymyxol 1 0 -glucosyl 6 00 -acyl esters (DM-G-FA) respectively (Fig. 4) . The IUPAC-IUB semisystematic names are (2
0 -ol respectively.
Composition and contents of carotenoids
The composition and contents of carotenoids in strains AIST-1 and NBRC 100016
T were analyzed by HPLC (Table 2 ). In strain AIST-1, the total composition of two carotenoid glucosides, MD-G and KMD-G, was around 80%, while the compositions of their acyl and mycoloyl esters were relatively low. The total composition of the ketocarotenoids was more than 50%. On the other hand, in strain NBRC 100016
T , the composition of the two carotenoid glucosides was nearly 50%, while that of their acyl and mycoloyl esters was nearly 50%.
The color of the AIST-1 cells was orange to red, while that of the NBRC 100016
T cells was yellow. This might reflect the carotenoid contents, since AIST-1 produced more than 10 times more carotenoids than did NBRC 100016 T , and the content of ketocarotenoids in AIST-1 was about twice that of NBRC 100016 T (Table 2 ). No free forms of the carotenoids, DM and KDM, were found in either strain.
Discussion
G. terrae AIST-1 was found to contain seven carotenoids as detected by HPLC (Fig. 2) , and all of them were identified by spectroscopic methods (Fig. 4) . The carotenoid moieties were deoxymyxol (DM) and 4-ketodeoxymyxol (KDM). The major carotenoids were two carotenoid glucosides, DM-G and KDM-G (Table 2) , and the minor ones were their glucosyl acyl and mycoloyl esters. In the carotenoid glucosyl acyl esters, the major esterified fatty acids were C16:0 and C18:0; C16:0 was one of the major fatty acids in the cellular lipids while C18:0 was a minor one. 25) In the carotenoid glucosyl mycoloyl esters, the major esterified mycolic acids were C56:4, C58:4, and C60:4, which were also found in this species.
25) The type strain of G. terrae NBRC 100016
T had the same carotenoids, but the composition was somewhat different and the content was less than 10% of that of AIST-1 ( Table 2) . DM-GMyc and KDM-G-Myc were novel carotenoids. Carotenoid glucosyl mycoloyl esters were first found in R. rhodochrous, 12) and this is the second report of such findings in organisms. The C-1 0 hydroxyl group of carotenoids formed a glycoside linkage with -Dglucose, and a fatty acid or mycolic acid was esterified at the C-6 00 hydroxyl group of the glucosyl moiety. The C-2 0 hydroxyl group of -carotene derivatives is rare.
10)
The function of the esterification of DM-G and KDM-G by these fatty acids and mycolic acids, however, is unknown. Some of these carotenoid derivatives were found only in the organisms named below. Since the use of their trivial names could lead to confusion, we named them systematically in the present study (Fig. 4) , by referring to the fundamental structure of the carotenoid moiety, e.g., (2 0 S)-deoxymyxol (DM). To our knowledge, free DM and KDM, which were not found in either strain (Table 2) , have not been found in any other organisms, either.
10) The stereochemistry opposite to DM, (2 0 R)-deoxymyxol, from the mushroom, Plectania coccinea, was plectaniaxanthin. 26) (2 0 S)-Deoxymyxol 1 0 -glucoside (DM-G) and 4-ketodeoxymyxol 1 0 -glucoside (KDM-G) from Mycobacterium phlei were named phleixanthophyll and 4-ketophleixanthophyll respectively. 27, 28) Deoxymyxol 1 0 -glucosyl ester (DM-G-FA) from Nocardia kirovani was named phleixanthophyll ester. 29) (2 0 S)-4-Ketodeoxymyxol 1 0 -glucosyl 13-methyltetradecanoyl ester (KDM-G-FA) from the extremely halophilic eubacterirum Salinibacter ruber was named salinixanthin. 22 ) DM-G-Myc and KDM-G-Myc were novel carotenoid derivatives. The genera Mycobacterium, Nocardia, and Gordonia are included in Corynebacterineae, Actinomycetales.
To date, about 25 species of Gordonia have been described.
5) The color of the colonies of some species has been described as yellow, orange, or red, while that of some species is white and that of other species has not been reported. Among these, only the carotenoids of Gordonia jacobaea were identified: the major one was canthaxanthin, and the minor ones were -carotene and astaxanthin. 7) These were found to be dicyclic carotenoids, while G. terrae showed monocyclic ones and --------------------------------------------------- ---------------------------------------------------- a Parentheses indicate the peak numbers in Fig. 2 .
their derivatives. In two species, Gordonia polyisoprenivorans 8) and Gordonia sp. TM414, 9) the presence of phytoene desaturase (CrtI) was functionally determined, but their carotenoids were not identified. The pigments in the other Gordonia species, including the type species of G. bronchialis, have yet to be identified, and so the carotenoids have not been identified. Consequently, further studies of carotenoids in Gordonia are necessary.
The genus Rhodococcus is related to the genus Gordonia. Four strains of R. rhodochrous have been found to contain 1 0 -hydroxy--carotene, its 4-keto form, their glucoside, their glucosyl acyl esters, and their glucosyl mycoloyl esters. 11, 12) The difference in the carotenoid moiety is the absence of the C-2 0 hydroxyl group and the C-3 0 ,4 0 single bond in deoxymyxol from G. terrae. R. rhodochrous was the first species found to have carotenoid glucosyl mycoloyl esters, and G. terrae is the second one in organisms. Rhodococcus erythropolis produced only -carotene and 4-keto--carotene. 21) The carotenogenesis pathway of R. rhodochrous RNMS1 has been investigated using carotenogenesis mutants and inhibitors, and we have proposed a pathway. 14) Phytoene desaturase, lycopene cyclase, -carotene ketolase, hydratase, glucosyl transferase, fatty acid esterase, and mycolic acid esterase are perhaps involved in the carotenogenesis. The functions of geranylgeranyl pyrophosphate synthase (CrtE), phyroene desaturase (CrtI), lycopene -monocyclase (CrtLm), and -carotene ketolase (CrtO) from R. erythropolis have now been confirmed. 30, 31) Since G. terrae had similar carotenoid derivatives, the carotenogenesis pathway might also be similar (Fig. 5) . Phytoene desaturase and lycopene cyclase are known to produce -carotene. This is then changed to deoxymyxol (DM) by unknown enzymes, before being glucosylated at the C-1 0 hydroxyl group to deoxymyxol glucoside (DM-G). Fatty acid and mycolic acid were esterified by different esterases to the same C-6 00 hydroxyl group of the glucoside. It was unclear whether ketolase for the -end group of deoxymyxol (DM) oxidized all of the deoxymyxol derivatives or only deoxymyxol. In carotenogenesis, R. rhodochrous and R. erythropolis might lack genes or enzyme activity as compared to G. terrae.
